Sun K, Chang Y, Reed NI, Sheppard D. ␣-Smooth muscle actin is an inconsistent marker of fibroblasts responsible for force-dependent transforming growth factor ␤ (TGF␤) activation or collagen production across multiple models of organ fibrosis.
-Fibrosis is a common pathological sequela of tissue injury or inflammation, and is a major cause of organ failure. Subsets of fibroblasts contribute to tissue fibrosis in multiple ways, including generating contractile force to activate integrin-bound, latent TGF␤ and secreting excess amounts of collagens and other extracellular matrix proteins (ECM) that make up pathologic scar. However, the precise fibroblast subsets that drive fibrosis have been poorly understood. In the absence of well-characterized markers, ␣-smooth muscle actin (␣SMA) is often used to identify pathologic fibroblasts, and some authors have equated ␣SMA ϩ cells with contractile myofibroblasts and proposed that these cells are the major source of ECM. Here, we investigated how well ␣SMA expression describes fibroblast subsets responsible for TGF␤ activation and collagen production in three commonly used models of organ fibrosis that we previously reported could be inhibited by loss of ␣v integrins on all fibroblasts (using PDGFR␤-Cre). Interestingly, ␣SMA-directed deletion of ␣v integrins protected mice from CCl4-induced hepatic fibrosis, but not bleomycin-induced pulmonary or unilateral ureteral obstruction-induced renal fibrosis. Using Col-EGFP/␣SMA-RFP dual reporter mice, we found that only a minority of collagen-producing cells coexpress ␣SMA in the fibrotic lung and kidney. Notably, Col-EGFP ϩ ␣SMA-RFP Ϫ cells isolated from the fibrotic lung and kidney were equally capable of activating TGF␤ as were Col-EGFP ϩ ␣SMA-RFP ϩ cells from the same organ, and this TGF␤ activation was blocked by a TGF␤-blocking antibody and an inhibitor of nonmuscle myosin, respectively. Taken together, our results suggest that ␣SMA is an inconsistent marker of contractile and collagen-producing fibroblasts in murine experimental models of organ fibrosis.
␣SMA; integrin; fibrosis FIBROSIS OF PARENCHYMAL ORGANS is characterized by excessive accumulation of extracellular matrix proteins (ECM) including large amounts of fibrillar collagens (especially collagen I and III). Activated fibroblasts (fibroblasts that produce excess collagen) are key executors of this process, but the other molecular characteristics of these cells have not been well characterized. Transforming growth factor ␤ (TGF␤), which recruits and activates fibroblasts, is well known as a potent profibrogenic cytokine that mediates fibrosis in multiple organs, including lung, liver, and kidney (6, 7, 11, 16, 31, 32, 35, 45) . TGF␤ is secreted as a latent complex, and extracellular activation of latent TGF␤ is required for TGF␤ activity and signaling. Two of the three mammalian TGF␤ isoforms (TGF␤1 and TGF␤3) are principally activated by interaction with integrins, heterodimeric transmembrane receptors that bind to an arginine-glycine-aspartic acid (RGD) motif present in the latency associated peptide of TGF␤1 and TGF␤3 (15, 19, 22, 26, 31, 36, 41, 45) .
Five integrins share the ␣v subunit (␣v␤1, ␣v␤3, ␣v␤5, ␣v␤6, and ␣v␤8), and three of these (␣v␤1, ␣v␤6, and ␣v␤8) have been convincingly shown to activate latent TGF␤ (3, 5-7, 17, 19, 33-36, 39, 48) . In vivo loss of ␣v␤6 and ␣v␤8 reproduces the developmental abnormalities of loss of TGF␤1 and TGF␤3 (3), suggesting that ␣v␤6 and ␣v␤8 are crucial for the roles of these TGF␤ isoforms in development. Emerging evidence indicates that ␣v integrins expressed on fibroblasts play a vital role in activating TGF␤ and driving tissue fibrosis (6, 7, 18, 19, 33, 39) . A previous study from our laboratory described an in vivo strategy to delete ␣v integrins from all fibroblasts using platelet-derived growth factor receptor ␤-Cre (PDGFR␤-Cre), and loss of ␣v integrins on fibroblasts protected mice from bleomycin-induced pulmonary fibrosis, CCl 4 -induced hepatic fibrosis, and unilateral ureteral obstruction (UUO) induced renal fibrosis (18) . Recently, we found that blockade of the ␣v␤1 integrin by using a specific inhibitor results in the same degree of protection we observed with deletion of all ␣v integrins from fibroblasts, highlighting the critical role of the ␣v␤1 integrin in this process (39) .
Integrins activate latent TGF␤ by exerting mechanical force on the tethered latent complex, leading to conformational change that releases free active TGF␤ to bind to its receptors on adjacent cells (21, 45, 51) . Contractile myofibroblasts are widely believed to be the major contractile cells in fibrotic tissues and the key activated fibroblasts that produce excess collagens, and these cells are often identified in tissue based on expression of ␣-smooth muscle actin (␣SMA) (10, 21, 27, 44, 50, 51). However, the effectiveness of ␣SMA as a marker of either contractile fibroblasts or collagen-producing fibroblasts has not been rigorously investigated in vivo.
In this study, we specifically targeted ␣SMA-expressing cells in vivo to examine whether they are the key subset responsible for the protective effects of ␣v deletion from fibroblasts in three widely used models of organ fibrosis: bleomycin-induced pulmonary, UUO-induced renal, and CCl 4 -induced hepatic fibrosis. We found that ␣SMA-directed deletion of ␣v integrins was only effective in preventing fibrosis in the liver, but not in the lung or kidney. Furthermore, using a reporter mouse that marks collagen I-expressing cells, we found that in the fibrotic lung and kidney, only a minority of collagen-producing cells coexpresses ␣SMA. Our results therefore suggest that ␣SMA is an inconsistent marker of both contractile fibroblasts and collagen-producing fibroblast in murine models of tissue fibrosis.
MATERIALS AND METHODS
Mouse lines. Ai14 (Rosa-CAG-LSL-tdTomato-WPRE) (29) (30, 49) were obtained from Dr. David Brenner at the University of California, San Diego, CA. All mice were housed under specific pathogen-free conditions in the Animal Barrier Facility of the University of California, San Francisco, CA. Mice were maintained on C57BL/6 background, and genotyping of the mice was preformed by PCR. Mice used for experiments were 8 -12 wk old and fed with grain-based doxycycline diet (2 gm/kg, BioServ) 2 wk before induction of fibrosis. All experiments were approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco, CA.
Fibrosis models. To induce pulmonary fibrosis, mice were treated with a single dose of intratracheal bleomycin (3 U/kg) or water (control vehicle), delivered by a microsprayer (Penn-Century), and the lungs were harvested at 14 or 28 days as indicated. To induce hepatic fibrosis, mice were intraperitoneally injected with 1 l/g body wt of CCl 4 in a 1:3 ratio with olive oil or olive oil (control vehicle) twice a week as described previously (18) , and the livers were harvested at 3 or 6 wk as indicated. To induce renal fibrosis, mice underwent UUO or sham operation on the left kidney as described previously (18) , and the kidneys were harvested at 7 or 14 days as indicated.
Immunohistochemistry. The tissue was harvested and fixed in 4% paraformaldehyde at 4°C for 3 h. Following immersion in 30% sucrose at 4°C overnight, the tissue was embedded with OCT compound (Tissue-Tek). Frozen sections were then stained by standard protocol described previously (18, 42) . The following antibodies were used for immunohistochemistry: anti-␣SMA (Sigma), anti-PDGFR␤ (a gift from Dr. William Stallcup at Sanford-Burnham Medical Research Institute, La Jolla, CA), anti-RFP (Rockland), and anti-GFP (Abcam) primary antibodies, as well as Alexa Fluor 488-conjugated and 555-conjugated secondary antibodies (Invitrogen). Confocal imaging was performed on a Zeiss LSM 780 microscope.
Collagen content assay. Determination of collagen content was performed by hydroxyproline assay of tissue lysates and picrosirius red staining of tissue sections. Hydroxyproline assay was conducted as described previously (18) . In brief, the tissue was homogenized and precipitated with trichloroacetic acid. Following baking at 110°C overnight in HCl, samples were reconstituted in water, and hydroxyproline content was measured by a colorimetric chloramine T assay. For picrosirius red staining, the tissue was harvested and fixed in 10% formalin, followed by paraffin embedding. Paraffin-embedded sections were then dewaxed, hydrated, and stained with Weigert's haematoxylin for nuclei and picrosirius red (Sigma) for collagen.
Tissue dissociation and primary cell purification via FACS. Tissue dissociation was conducted as described previously (18) . In brief, mice were perfused with phosphate buffered saline (PBS) through the left ventricle to remove blood cells. The tissue was excised, minced with scissors, follow by digestion in Dulbecco's modified Eagle medium (DMEM, Invitrogen) containing liberase (0.13 IU/ml) (Roche) for lungs and livers, or by digestion in DMEM containing liberase (0.13 IU/ml) and collagenase 4 (0.5 mg/ml) (Sigma) for kidneys, at 37°C for 20 min. Single-cell suspensions were then prepared with a gentleMACS dissociator (Miltenyi Biotec) as described in manufacturer's instructions. The cell suspension was passed through a 70-m cell strainer and centrifuged at 1,000 rpm for 5 min to form a pellet. To remove residual red blood cells (RBC), the cell pellet was resuspended in RBC lysis buffer (Sigma) and incubated at room temperature for 10 min. Cells were then passed through a 40-m cell strainer and washed with DMEM twice to remove cell debris. After centrifuging at 1,000 rpm for 5 min, the cell pellet was resuspended in fluorescence-activated cell sorting (FACS) buffer (PBS supplemented with 3% fetal bovine serum). Following live/dead staining with DAPI (Sigma), live single cells with indicated reporters were sorted with a FACSAria (BD Biosciences).
TGF␤ activation assay. Primary cells of interest were purified via FACS, as described above, and then cocultured with transformed mink lung cells (TMLC), the mink lung epithelial cells expressing firefly luciferase downstream of a TGF␤ sensitive portion of the plasminogen activator inhibitor 1 promoter (1, 4, 47), for 18 h. Cells were then washed and lysed in cell lysis buffer (Promega). The lysates were then processed with a luciferase assay kit (Roche) as described in the manufacturer's instructions, and luminescence was measured with a TECAN microplate reader. The pan-TGF-␤ blocking antibody 1D11 (40 g/ml) and blebbistatin (20 m) (Sigma) were used in this assay as indicated.
Statistics. All error bars denote SE. Results were analyzed with SigmaStat software by using one-way ANOVA, followed by a Student t-test to determine P values. P values less than 0.05 were considered significant.
RESULTS

␣SMA-positive cells are only a subset of PDGFR␤-positive cells within the fibrotic lung interstitium.
As noted above, our previous study used a strategy to broadly target fibroblasts by PDGFR␤-Cre (18) . To directly examine the in vivo significance of ␣SMA-expressing fibroblasts in the setting of pulmonary fibrosis, we began by more thoroughly evaluating the recombination specificity of PDGFR␤-Cre in cells from uninjured and fibrotic lungs. For this purpose, we crossed PDGFR␤-Cre with Ai14 reporter mice (29) that express tandem dimer tomato (tdTomato) downstream of a lox-stop-lox cassette in the Rosa 26 locus after Cre-mediated recombination (Fig. 1A) . A variety of types of cells, including cells in the alveolar interstitium (presumably pericytes), vascular smooth muscle cells, and some airway epithelial cells, demonstrated PDGFR␤-Cre-mediated recombination in uninjured lungs (Fig. 1B , panels at top). Fourteen days after treatment with bleomycin, there was also obvious recombination in aggregates of interstitial cells that we presume to be activated fibroblasts (Fig. 1C , panels at top). To further evaluate the accuracy of Ai14 reporting, we costained the bleomycin-treated lung sections with PDGFR␤ antibody, and most of the cell types expressing tdTomato were also PDGFR␤-positive; however, airway epithelial cells were never found to express PDGFR␤ by immunostaining (Fig. 2) . These results suggest that either a subset of airway epithelial cells are derived from cells that expressed PDGFR␤ during development, or that there was inappropriate expression of the construct we used in these cells. Otherwise, recombination appeared to be highly efficient and specific for cells that express PDGFR␤.
Notably, by coimmunostaining with ␣SMA in the fibrotic lung of bleomycin-treated Ai14;PDGFR␤-Cre mice, over 97% of the ␣SMA-positive cells observed were also tdTomato-positive (Fig.  3A) , indicating a high degree of PDGFR␤-Cre recombination in ␣SMA ϩ myofibroblasts. However, upon quantification of images within the lung fibrotic interstitium, 35% of the tdTomato-positive cells were also ␣SMA-positive, indicating that only a minority of the expanded interstitial population of tdTomato-positive cells had detectible ␣-SMA by immunostaining (Fig. 3A) . (29) with either PDGFR␤-Cre (12) or ␣SMA-driven Cre mice (9, 37) . The ␣SMA enhancer/promoter construct contained that consisted of ϳ1 kb of the 5=-flanking region (black box), the transcription start site, the 48-bp exon 1 (white box), the ϳ2.5-kb intron 1 (hatched box), and the 15-bp exon 2 (white box) from the mouse ␣SMA gene (49) . B: immunofluorescence micrographs of 14-day water-treated lung sections from the indicated reporter mice. AW, airway; BV, blood vessel. C: immunofluorescence micrographs of 14-day bleomycin-treated lung sections from the indicated reporter mice. Panels at left show DAPI (blue), panels in middle show endogenous tdTomato (red), and panels at right show merged images. Scale bar, 100 m.
To more specifically target and genetically manipulate ␣SMA-expressing fibroblasts in vivo, we used a doxycycline (dox)-inducible ␣SMA-driven Cre system (␣SMA-rtTA ϫ tetO-Cre) (9) . This inducible ␣SMA-driven Cre allowed us to manipulate genes in adult mice by postnatal administration of dox in chow, which eliminates the possibility of compensation caused by lifelong genetic alteration. These mice were then crossed with Ai14 reporter mice for microscopic imaging (Fig.  1A) . In uninjured Ai14;␣SMA-rtTA;tetO-Cre mice, only smooth muscle cells of airways and vessels expressed tdTomato, and no tdTomato-positive cells were found within the lung interstitium (Fig. 1B, panels at bottom) . After bleomycin treatment, tdTomato-positive cells began to appear within the lung interstitium of Ai14;␣SMA-rtTA;tetO-Cre mice (Fig. 1C , panels at bottom). Upon image quantification, while over 96% of cells stained as PDGFR␤-positive expressed tdTomato, only 36% of PDGFR␤-positive cells within the fibrotic lung interstitium of Ai14;␣SMA-rtTA;tetO-Cre mice were tdTomatopositive (Fig. 3B) , similar to the results obtained by immunostaining for ␣SMA in bleomycin-treated Ai14;PDGFR␤-Cre mice (Fig. 3A) . Taken together, our results suggest that ␣SMA-expressing fibroblasts are only a subset of PDGFR␤-positive interstitial cells.
␣SMA-directed deletion of ␣v integrins does not confer protection against bleomycin-induced pulmonary fibrosis. ␣v
Integrins have been well characterized to activate latent TGF␤ through force-dependent conformational change and to drive tissue fibrosis in multiple models (5-7, 17-19, 31, 33-36, 39, 48) . Our previous study demonstrated that PDGFR␤-Credirected deletion of ␣v integrins protects mice from fibrosis in multiple organs, including the lung (18) . To determine whether ␣SMA-expressing fibroblasts, a subset of PDGFR␤-positive interstitial cells in the fibrotic lung (Fig. 3) , are the key subtype of cells responsible for this effect, we generated Itg␣v Flox/Flox ; ␣SMA-rtTA;tetO-Cre mice and compared results with those in the Itg␣v Flox/Flox ;PDGFR␤-Cre mice that we previously described (18) (Fig. 4A) .
To assess the efficiency of ␣v deletion by using either PDGFR␤-Cre or ␣SMA-driven Cre, it would be ideal to immunostain the tissues with an anti-␣v integrin antibody that can distinguish wild-type and truncated ␣v integrins; however, no such antibody is available for immunohistochemistry. Alternatively, we crossed both lines with Ai14 reporter mice, which allows us to isolate tdTomato-positive cells by FACS. tdTomato-positive cells were purified from the lungs of bleomycin-treated Ai14;Itg␣v Flox/Flox ;PDGFR␤-Cre and Ai14; Itg␣v Flox/Flox ;␣SMA-rtTA;tetO-Cre mice, as well as Ai14; PDGFR␤-Cre and Ai14;␣SMA-rtTA;tetO-Cre mice that express wild-type ␣v integrins, followed by immunoblotting with an anti-␣v integrin antibody. ␣v Integrins were deleted with similar efficiency from targeted cells by using either PDGFR␤-Cre or ␣SMA-driven Cre (Fig. 4B) .
To determine whether loss of ␣v integrins on ␣SMA-expressing fibroblasts explained our previous results (18) Flox/Flox ;␣SMA-rtTA;tetO-Cre mice were not protected (Fig. 4, C and D) . Our results suggest that ␣SMA-expressing fibroblasts are not the major subset of PDGFR␤-expressing cells responsible for ␣v integrin-mediated development of pulmonary fibrosis.
Heterogeneity: ␣SMA-directed deletion of ␣v integrins results in different outcomes in different models of organ fibrosis. In addition to the lung, ␣SMA ϩ myofibroblasts in the liver and kidney are often considered the major mediators of collagen deposition and organ scarring after injury (10, 21, 27, 32, 44, 50) . Our previous study has also shown that loss of ␣v integrins under the direction of PDGFR␤-Cre protects mice from CCl 4 -induced hepatic fibrosis and UUO-induced renal fibrosis (18) . We therefore used the same tools to determine the relative contributions of ␣v integrins on ␣SMA-expressing fibroblasts to each of these models.
In the liver, hepatic stellate cells are well characterized as the source of myofibroblasts during hepatic fibrogenesis and the major source of extracellular matrix proteins (8, 13, 18, 21, 27, 40, 44, 50) . We previously demonstrated that PDGFR␤-Cre effectively recombines hepatic stellate cells (HSCs) in both uninjured and injured livers (18) . Indeed, in the fibrotic liver of CCl 4 -treated Ai14;PDGFR␤-Cre mice, virtually all of the ␣SMA-positive cells observed in liver fibrous septa and the surrounding liver parenchyma were also tdTomato-positive, indicating a high degree of PDGFR␤-Cre recombination in myofibroblasts (18) . In the present study, after induction of hepatic fibrosis with CCl 4 in Ai14;␣SMA-rtTA;tetO-Cre mice, tdTomato-positive cells began to appear in liver fibrous septa and the surrounding liver parenchyma (Fig. 5A) . Upon image quantification, 74% of cells immunostained as PDGFR␤-positive expressed tdTomato and 99% of these tdTomato-positive cells were also PDGFR␤-positive by immunostaining (Fig.  5A) . Although a few PDGFR␤-positive and tdTomato-negative cells were also observed in CCl 4 -treated Ai14;␣SMA-rtTA;tetO-Cre reporter mice, ␣SMA-expressing cells largely overlapped with PDGFR␤-positive cells in the fibrotic liver (Fig. 5A) .
To examine whether fibroblasts that were targeted by ␣SMA-inducible Cre are the key subset of cells responsible for protection from ␣v integrin-mediated hepatic fibrosis, we compared the effects of CCl 4 -induced hepatic fibrosis in Itg␣v Flox/Flox ;␣SMA-rtTA;tetO-Cre and Itg␣v Flox/Flox ; PDGFR␤-Cre mice. ␣v Integrins were deleted with similar efficiency from targeted cells in the liver by either PDGFR␤-Cre or ␣SMA-driven Cre (Fig. 5B) . In contrast to our results for bleomycin-induced pulmonary fibrosis, both Itg␣v Flox/Flox ; PDGFR␤-Cre and Itg␣v Flox/Flox ;␣SMA-rtTA;tetO-Cre mice were similarly protected from CCl 4 -induced hepatic fibrosis, compared with their littermates expressing wild-type ␣v integrins (Fig. 5, C and D) . It thus appears that ␣SMA-expressing fibroblasts are the major fibroblast subtype accounting for ␣v integrin-mediated development of CCl 4 -induced hepatic fibrosis.
In the sham-operated kidney of the Ai14;PDGFR␤-Cre mice, PDGFR␤-Cre targets perivascular, intraglomerular cells and cells within renal interstitium, and induction of renal fibrosis via UUO results in massive expansion of tdTomato cells throughout the renal interstitium (18) . Here, in the UUOtreated kidney of Ai14;␣SMA-rtTA;tetO-Cre mice, PDGFR␤-positive cells were found throughout the renal interstitium (Fig.  6A) . Upon image quantification, while over 98% of tdTomatopositive cells were stained as PDGFR␤-positive, only 43% of PDGFR␤-positive cells expressed tdTomato (Fig. 6A) Cre mice were not protected (Fig. 6, B and C) . These results suggest that in this model, as in bleomycin-induced pulmonary fibrosis, ␣SMA-expressing fibroblasts are not the major subset of PDGFR␤-expressing cell responsible for ␣v integrin-mediated fibrogenesis.
Only a minority of collagen-producing cells are ␣SMA-expressing fibroblasts in the fibrotic lung and kidney. Our findings that ␣SMA-expressing fibroblasts were only a subset of PDGFR␤-expressing cells within the fibrotic interstitium in bleomycin-induced pulmonary fibrosis and UUO-induced kid- ney fibrosis, and that these cells were not critical for ␣v-mediated fibrogenesis in either organ, made us wonder how useful ␣SMA is as a marker of collagen-producing fibroblasts in the same models. To more clearly establish the in vivo relationship between ␣SMA expression and collagen production, a dual reporter mouse that expresses enhanced green fluorescence protein (EGFP) under direction of the collagen ␣1(I) enhancer/promoter (Col-EGFP) (30, 52) and red fluorescent protein (RFP) under direction of the ␣SMA enhancer/ promoter (␣SMA-RFP) (30, 49) was used (Fig. 7A) . To more accurately assess the expression of the Col-EGFP and ␣SMA-RFP reporter genes, uninjured and injured tissues were dissociated, and expression of reporter genes was quantified by flow cytometry.
Bleomycin treatment caused a dramatic expansion of lung cells expressing either Col-EGFP alone or both Col-EGFP and Fig. 7 . Only a minority of collagen-producing cells coexpress ␣SMA in the fibrotic lung and kidney. A: schematic of ␣SMA-RFP (30, 49) and Col-EGFP (30, 52) reporter mice. The ␣SMA enhancer/promoter construct consists ϳ1-kb 5=-flanking region (black box), the transcription start site, the 48-bp exon 1 (white box), the ϳ2.5-kb intron 1 (hatched box), and the 15-bp exon 2 (white box) (30, 49) from the mouse ␣SMA gene. The Col␣1(I) enhancer/promoter contains an enhancer fragment, 5=-deoxyribonuclease (DNase) I-hypersensitive sites (HS) 4.5, followed by the ϳ3-kb mouse Col␣1(I) gene promoter (30, 52) . ␣SMA-RFP reporters. However, after injury, only a small fraction of the collagen-producing cells coexpressed ␣SMA (Fig. 7B) . Evaluation of tissue sections from these dual reporter mice confirmed that only 42% of the Col-EGFP-positive cells within the interstitium of bleomycin-treated lung were also ␣SMA-RFP-positive, whereas over 93% of ␣SMA-RFP-positive cells expressed Col-EGFP (Fig. 7C) . In the kidney, UUO resulted in a similar pattern in dual reporter mice. Seven days after UUO, an increase in the number of cells expressing either Col-EGFP alone or both Col-EGFP and ␣SMA-RFP reporters was found in the fibrotic kidney (Fig. 7D) . Notably, while over 90% of the ␣SMA-RFP cells coexpressed Col-EGFP, only 26% of the Col-EGFP-positive cells coexpressed ␣SMA-RFP (Fig. 7E) , and many interstitial Col-EGFP-positive cells were not ␣SMA-RFP-positive in tissue sections (Fig. 7E) .
Taken together, in both the intratracheal bleomycin model and the UUO model, we detected abundant cells expressing Col-EGFP, but only a minority of Col-EGFP-positive cells were also ␣SMA-RFP-positive. Our data suggest that other subpopulations of fibroblasts that do not express ␣SMA are important contributors to both integrin-mediated TGF␤ activation and collagen production during fibrogenesis in these models.
Col-EGFP ϩ ␣SMA-RFP Ϫ cells from bleomycin-treated lungs and UUO-treated kidneys induce TGF␤ activation at similar levels to Col-EGFP ϩ ␣SMA-RFP ϩ cells. As loss of ␣v integrins on ␣SMA fibroblasts did not protect mice from fibrosis in response to bleomycin or UUO, we hypothesized that in addition to cells expressing both collagen I and ␣SMA, cells expressing only collagen I but not ␣SMA can also generate sufficient contractile force to activate TGF␤ that drives fibrosis. To test this possibility, we examined TGF␤ activation by sorted cells using coculture with TMLC expressing TGF␤-inducible luciferase. We used WI38 cells, a widely used human primary lung fibroblast cell line, as a positive control for this assay. WI38 cells generated force-dependent activation of TGF␤ as demonstrated by a reduction in luciferase activity by 1D11 (a TGF␤ blocking antibody) and blebbistatin (an inhibitor of nonmuscle myosin II), respectively (Fig. 8A) .
To avoid the fact that several days of in vitro culture of primary fibroblasts leads to fibroblast differentiation and (Fig. 8, B and C) , and TGF␤ activation by both types of fibroblasts was blocked by 1D11 and blebbistatin, respectively (Fig. 8, B and C) . Our results suggest that like Col-EGFP ϩ ␣SMA-RFP ϩ , Col-EGFP ϩ ␣SMA-RFP Ϫ cells activate TGF␤ through force generated by actin/myosin contraction.
DISCUSSION
Interstitial lung fibrosis has diverse etiologies, and the pathogenesis of this disease remains incompletely understood. However, the excessive deposition of extracellular matrix with effacement of normal lung tissue architecture is a common feature of this process. Several previous reports have amply documented increased numbers of smooth muscle-like cells that express the smooth muscle contractile protein, ␣SMA, in the lung interstitium of patients with pulmonary fibrosis (2, 20, 24, 28, 38, 43, 46) . These smooth muscle-like cells are defined as differentiated fibroblast which have contractile properties similar to smooth muscle cells and are commonly called myofibroblasts (38, 46) . In the fibrotic lesion of patients, myofibroblasts are present at the sites undergoing active extracellular matrix deposition (24, 38, 46) . Another important property of the myofibroblast is its contractility, which is believed to associate with wound contraction and perhaps to contribute to the altered mechanical characteristics of the fibrotic lung (2, 38, 46) . The de novo appearance of ␣SMA-expressing myofibroblasts at active sites of fibrosis strongly suggests that they play an important role in fibrogenesis. Based on these findings, ␣SMA ϩ myofibroblasts are often presumed to be the major source of pathologic extracellular matrix in tissue fibrosis, and ␣SMA is widely used as a marker of activated fibroblasts. Our results suggest that ␣SMA expression is quite variable in collagen-producing cells across different models of tissue fibrosis.
We and others have shown that ␣v integrins on fibroblasts play an important role in activating TGF␤ to drive the process of tissue fibrosis in multiple organs, and that this activation depends on cellular contraction and transmission of physical force from the fibroblasts to the tethered latent TGF␤ (5-7, 17-19, 31, 33-36, 39, 48) . We previously used PDGFR␤-Cre to induce highly efficient (but imprecise) ␣v deletion on all fibroblasts, and showed protection in the three models of organ fibrosis used in this current study (18) . As ␣SMA is widely used as a marker of fibroblast subsets that drive fibrosis, we sought to test the idea that the key contractile cells involved in this process were indeed ␣SMA-expressing fibroblasts (as we expected) by more precisely inducing loss of ␣v integrins with a dox-inducible ␣SMA-driven Cre system. We confirmed that ␣SMA-directed deletion of ␣v integrins is sufficiently efficient to protect mice from CCl 4 -induced hepatic fibrosis, suggesting that in this model ␣SMA is a good marker of the fibroblast subset responsible for ␣v integrin-mediated hepatic fibrosis. However, much to our surprise, ␣SMA-directed deletion of ␣v integrins did not protect mice from either bleomycin-induced pulmonary or UUO-induced renal fibrosis, despite similar protection in Itg␣v Flox/Flox ;PDGFR␤-Cre mice to what we have previously reported (18) . These findings suggest that there is another important population of contractile cells targeted by PDGFR␤-Cre that could substitute for ␣SMA-expressing fibroblasts to drive tissue fibrosis in these models.
One important limitation of the current study is the imprecise nature of recombination driven by PDGFR␤-Cre. We originally used this line because PDGFR␤-Cre is highly efficient in inducing recombination in the interstitial cells that accumulate in fibrotic organs (18) . However, since this line is not inducible, it induces recombination in any cell that is derived from cells that at one time expressed PDGFR␤. This may be the reason we see some recombination in lung airway epithelial cells, although it is also possible that there is occasional inappropriate ectopic expression of Cre with this line. Aside from the inappropriate expression in airway epithelial cells, PDGFR␤-Cre-mediated recombination yields a similar pattern of expression to that seen by staining with anti-PDGFR␤ antibody. Because PDGFR␤ is expressed by some cells that are not pathologic fibroblasts, for example, pericytes (12), we cannot exclude the possibility that PDGFR␤-Credirected ␣v deletion from some nonfibroblasts contributes to the protective effects against bleomycin-induced pulmonary and UUO-induced renal fibrosis. However, our findings that ␣SMA-expressing fibroblasts largely overlap with PDGFR␤-expressing cells in CCl 4 -induced fibrotic liver but are only a minority of PDGFR␤-expressing cells within the fibrotic interstitium of bleomycin-treated lung and UUO-treated kidney, and that ␣SMA-directed deletion of ␣v integrins protects mice from fibrosis in response to CCl 4, but not bleomycin or UUO, suggest that our results are likely explained by the dramatic differences in the relative contribution of myofibroblasts to the pathologic fibroblast pool in each model.
In this study, we used ␣SMA-RFP reporter mice (30, 49) to recapitulate the endogenous ␣SMA expression pattern in the lungs and kidneys we examined in this present study. However, it needs to be noted that the DNA construct of the ␣SMA promoter derived from ϳ3-kb mouse smooth muscle cell ␣-actin enhancer/promoter fragment SMP8 (30, 49) might not fully recapitulate endogenous ␣SMA under all conditions. We also used Col-EGFP reporter mice (30, 52) to recapitulate the endogenous collagen I expression pattern in the lungs and kidneys we examined in this present study. Notably, this Col-EGFP construct was generated by linking EGFP with a ϳ3-kb mouse collagen gene promoter together with an enhancer fragment, 5=-deoxyribonuclease (DNase) I-hypersensitive sites (HS) 4.5 (30, 52) . DNase I-HS4.5 has been observed in the liver and been shown to be enhance the expression of ␣1(I) collagen gene promoter in HSCs in vitro and in vivo upon stimulation (52) . Although DNase I-HS4.5 may not be present in the lung or kidney, our data showing that the number of Col-EGFP ϩ cells significantly increases in the lung or kidney upon injury have demonstrated to study the mechanisms regulating increased collagen expression during fibrogenesis.
A previous study using Col-EGFP mice showed that most of the collagen-producing cells in CCl 4 -induced hepatic fibrosis were ␣SMA-expressing fibroblasts (23) . Here, by evaluating colocalization of Col-EGFP and ␣SMA-RFP in dual reporter mice, we found that in the bleomycin-induced fibrotic lung and UUO-induced fibrotic kidney, the fraction of Col-EGFP ϩ ␣SMA-RFP ϩ is only a minority of the collagenproducing cells. Our observations in the lung were similar to those reported by Rock, et al. (42) who also analyzed the fibrotic lung by confocal microscopy and indicated that only a subset of collagen-producing cells coexpress ␣SMA. As such, these findings suggest that ␣SMA is an inconsistent marker for the pathologic fibroblast subset driving tissue fibrosis, at least in the murine models we used. They also underscore the importance of developing a better understanding of the heterogeneity that characterizes interstitial cells that have been loosely classified as fibroblasts, and the need to identify better markers to purify and characterize the diverse molecular phenotypes of these cells. For example, the results described here do not allow us to conclude that the same cells are principally responsible for integrin-mediated TGF␤ activation and collagen production, and they simply show that many of the cells that perform each function in the models we employed to induce lung and kidney fibrosis do not express ␣SMA.
One interesting aspect of our findings using Col-EGFP/ ␣SMA-RFP mice is the observation that Col-EGFP ϩ ␣SMA-RFP Ϫ cells isolated from injured lung or kidney are equally capable of activating TGF␤ as Col-EGFP ϩ ␣SMA-RFP ϩ cells that are generally considered to be much more highly contractile. The importance of actin-myosin contraction in activating TGF␤ by both types of cells was confirmed by inhibition of TGF␤ activity by treatment with an inhibitor of nonmuscle myosin (blebbistatin). In some ways these results are not terribly surprising, because we have previously shown that epithelial cells, which also do not express ␣SMA, are perfectly capable of force-dependent activation of TGF␤ through another integrin, ␣v␤6 (14) .
In summary, we have extensively investigated whether ␣SMA serve as the marker of pathologic fibroblasts in three commonly used models of tissue fibrosis affecting the lung, liver, and kidney. Our results suggest that the significance of ␣SMA-expressing fibroblasts as central executors in driving tissue fibrosis differs substantially among these models. In CCl 4 -induced hepatic fibrosis, ␣SMA-expressing fibroblasts appear to be largely responsible for ␣v integrin-mediated fibrogenesis, in keeping with the widely held view of these cells. However, in the models of pulmonary and renal fibrosis examined here, ␣SMA-expressing fibroblasts represent only a minority of collagen-producing cells and do not appear to be the major cell type responsible for ␣v integrin-mediated TGF␤ activation. These findings should serve as a stimulus to develop better tools to purify and characterize the heterogenous populations of interstitial cells that contribute to tissue fibrosis in various organs.
